Context: Plasma betaine correlates with insulin sensitivity in humans. Betaine supplementation improves metabolic effects in mice fed a high-fat diet.
Results: There was a 16.5-fold increase in plasma dimethylglycine [dimethylglycine (DMG); P , 0.0001] levels, but modest 1.3-and 1.5-fold increases in downstream serine and methionine levels, respectively, in the betaine vs placebo arm. Betaine tended to reduce fasting glucose levels (P = 0.08 vs placebo) but had no other effect on glycemia. Insulin area under curve after oral glucose was reduced for betaine treatment compared with placebo (P = 0.038). Insulin sensitivity, assessed by euglycemic hyperinsulinemic clamp, was not improved. Serum total cholesterol levels increased after betaine treatment compared with placebo (P = 0.032). There were no differences in change in intrahepatic triglyceride or endothelial function between groups.
Conclusion: DMG accumulation supports DMG dehydrogenase as rate limiting for betaine metabolism in persons with prediabetes. Betaine had little metabolic effect. Additional studies may elucidate mechanisms contributing to differences between preclinical and human responses to betaine, and whether supplementation of metabolites downstream of DMG improves metabolism. (J Clin Endocrinol Metab 103: 3038-3049, 2018) I dentifying novel biomarkers of type 2 diabetes (T2D) risk may reveal new pathways relevant to diabetes pathophysiology and new therapeutic targets. Insulin resistance precedes and predicts incident T2D (1) . Metabolomic profiling has revealed low plasma concentrations of betaine (also known as glycine betaine or trimethylglycine) correlate with insulin resistance in humans without T2D, with plasma betaine levels about 14% lower in insulin-resistant compared with insulinsensitive persons (2) . Consistently, lower systemic and higher urinary concentrations of betaine are also associated with risk of incident T2D (3) . The hazard ratio for incident T2D is 16% lower with increasing plasma betaine level (per SD log metabolite level) within the Diabetes Prevention Program cohort, even after adjustment for other risk variables (4). Furthermore, plasma betaine level increases with lifestyle intervention, which is the most effective diabetes prevention approach. Low plasma betaine level also is associated with obesity, higher non-high density lipoprotein cholesterol and triglycerides, blood pressure, and risk for myocardial infarction and heart failure in patients with established disease (5) (6) (7) .
Betaine has three key physiologic functions: It acts as a substrate for glutathione synthesis and is a methyl donor and an organic osmolyte. Animal models demonstrate a direct role for betaine in modulating metabolic health, suggesting a potential therapeutic role in humans. Highfat diets reduce plasma betaine despite preserved dietary intake, likely attributable to increased expression of genes involved in betaine metabolism, including betaine homocysteine methyl transferase (BHMT), dimethylglycine dehydrogenase (DMGDH), methionine adenosyltransferase I a (MAT1A), and phosphatidylethanolamine N-methyltransferase (PEMT) (2) . Dietary betaine supplementation reduces weight gain, levels of insulin under fasted and fed conditions, and hepatic fat, and increases whole-body glucose homeostasis and energy expenditure in rodents receiving a high-fat diet, with similar improvements in metabolism in cells (2) . In vivo effects are fibroblast growth factor (FGF)-21 dependent.
Betaine is generated by oxidation of choline and is a dietary constituent of grains and leafy green vegetables. It is particularly abundant in Goji berries, which have been used for centuries in Chinese culture with multiple purported health benefits. Oral betaine is rapidly absorbed and distributed, and is eliminated by metabolism and urinary excretion (8) . Anhydrous betaine is approved by the Food and Drug Administration to reduce plasma homocysteine levels in patients with rare inborn errors in metabolism involving cystathionine b-synthase, 5,10-methylenetetrahydrofolate reductase, or cobalamin cofactor metabolism.
In the setting of epidemiologic data supporting that low betaine level is associated with cardiometabolic risk, preclinical studies demonstrating efficacy of dietary betaine to improve multiple metabolic measures, and prior human exposure to oral betaine, we tested the hypothesis that betaine supplementation would improve glycemia, insulin sensitivity, liver fat, or endothelial function when administered over 12 weeks to persons with obesity and prediabetes (ClinicalTrials.gov identifier: NCT01950039).
Methods

Participants
The Partners Human Research Committee Institutional Review Board approved the study. All participants provided written informed consent. Between January 2014 and December 2016, 85 participants were recruited via advertisements and patient outreach. Eligible participants were 21 to 70 years old; prediabetes was defined as impaired fasting glucose ($100 mg/dL), impaired glucose tolerance (2-hour glucose level 140 to 200 mg/dL after ingesting 75 g of oral glucose) and/or HbA 1C 5.7% to 6.5% (9) , and overweight or obese with body mass index range of 25 to 45 kg/m 2 . Key exclusion criteria included cystathionine b-synthase deficiency; uncontrolled hypertension, heart, renal, or liver disease other than nonalcoholic fatty liver disease (NAFLD); use of weight loss medications or those causing insulin resistance or steatosis; or alcohol consumption of at least two drinks daily. Detailed exclusion criteria are provided in Supplemental Methods.
Study design and interventions
This study was a single-center, parallel arm, randomized, placebo-controlled, investigator-and participant-masked, proof-of-concept study. Eligible participants were randomly assigned (1:1) to receive betaine or placebo for 12 weeks, with allocation and masking performed by the Investigational Drug Service at Brigham and Women's Hospital. Assessments included fasting endothelial function, hepatic MRI for intrahepatic triglyceride, 75-g oral glucose tolerance test (OGTT), and two-step euglycemic-hyperinsulinemic clamp performed the following day at baseline and 12 weeks of treatment. Follow-up visits occurred at 2 and 6 weeks, and at a postdosing safety visit 2 weeks after discontinuation of the study drug.
Study drug
Betaine (Letco Medical, Decatur, AL), 10 g, or microcrystalline cellulose (Fagron, St. Paul, MN) for placebo, was mixed with Crystal Light (Kraft Foods, Northfield, IL) and Ora-blend SF (Perrigo, Minneapolis, MN) for final betaine concentration of 330 mg/mL (Food and Drug Administration Investigational New Drug no. 117735). Participants were instructed to take betaine 3300 mg (10 mL) orally twice daily for 10 days, then 4950 mg (15 mL) orally twice daily through 12 weeks, or identical appearance placebo.
Physiologic assessments
Physiologic assessments were performed at baseline and following 12 weeks of betaine or placebo. Intrahepatic triglyceride levels were assessed by MRI and magnetic resonance spectroscopy (Siemens 3T TIM Skyra, software version VD13; Siemens, Erlangen, Germany) (10) (11) (12) . Endothelial function was measured in accordance with published guidelines (13) by high-resolution B-mode ultrasonography of the brachial artery using edge detection software (Brachial Analyzer for Research, version 5.8.9 SP-2; Medical Imaging Applications, Coralville, IA) in response to ischemic flow and nitroglycerin stimulus.
Glycemia was assessed by HbA 1c and a 75-g oral glucose load with glucose, insulin, and C-peptide levels obtained at 0, 30, 60, and 120 minutes. b-cell function was estimated using the corrected incremental insulin response (14, 15) , and the oral composite insulin sensitivity index was calculated (14, 16) .
Insulin sensitivity was also evaluated by euglycemic, twostep hyperinsulinemic clamp (17, 18) , with administration of primed, continuous insulin (Humulin Regular; Eli Lilly Inc., Indianapolis, IN) at 25 and 180 mIU/m2/min, for two hours each step, targeting glucose of 90 mg/dl, with infusion of 6,6-D2 glucose (Cambridge Isotope Laboratories, Inc., Tewksbury, MA) for assessment of endogenous glucose production (19) and indirect calorimetry (VMAX Encore 29N; Carefusion, Yorba Linda, CA) to quantify oxidative vs nonoxidative glucose disposal (20, 21) . To assess change in insulin sensitivity before and after betaine administration, glucose infusion rates and corrected M-values of glucose utilization were compared.
Laboratory assessments
Clinical laboratory assessments were made at Laboratory Corporation of America (Burlington, NC). Commercial immunoassays were used according to instructions, including serum insulin and C-peptide (electrochemiluminescent immunoassay; Roche Diagnostics, Indianapolis, IN), plasma caspasecleaved cytokeratin-18 by enzyme-linked immunosorbent assay (ELISA) (M30 Apoptosense PEVIVA kit, Bromma, Sweden), and plasma human FGF-21 and FGF-19 (both Quantikine ELISA kits, Minneapolis, MN). Betaine and other metabolites were quantified using liquid chromatography-mass spectrometry (LC/MS) (laboratory of co-author RSG) as described (22) .
Statistical analyses
Coprimary outcomes were changes from baseline in insulin sensitivity, glycemia, hepatic fat, and endothelial function after 12 weeks of treatment, not corrected for multiple comparisons in this proof-of-concept study. Secondary outcomes were safety measures and changes from baseline in betaine pathways. A priori estimates found 24 completers would provide adequate power to detect a difference in clamp glucose utilization of 0.96 mg/kg/min between groups (25% difference in change from baseline between groups). Power estimates for additional coprimary outcomes are provided in Supplemental Materials.
Data were analyzed using the intention-to-treat principle; all participants with data at baseline and up to the point of dropout (if dropout occurred) were included in analyses. All participants completed visits before data analysis. Differences in baseline characteristics were compared between treatment groups using Student t test for normally distributed continuous traits and x 2 for categorical traits. Natural logarithm transformations were used for variables with log-normal distributions. Baseline characteristics are provided as mean (SD) or median (interquartile range), and changes from baseline are provided with 95% CIs or SE, as indicated. Statistical tests report 2-sided P values, with P , 0.05 considered significant. Change from baseline and difference between groups in change from baseline were assessed using linear mixed-effects models with unstructured covariance matrices to account for correlation within subjects over time. Analyses were performed using SAS, version 9.4 (SAS Institute, Cary, NC).
Results
Baseline characteristics
We assessed 85 persons for eligibility in the study. The primary reason for exclusion was normal glucose tolerance (n = 43; Fig. 1 ). A total of 28 people underwent baseline evaluation and were randomly assigned to receive betaine or placebo. One participant in the betaine group experienced a vasovagal reaction after the first clamp, was withdrawn prior to dispensing study drug, and not included in analysis. Baseline clinical characteristics were generally similar between groups (Table 1) .
Betaine metabolism
A 3.2-fold increase in plasma betaine, assessed by liquid chromatograph-mass spectroscopy, was seen within the betaine-assigned group compared with placebo, demonstrating betaine absorption ( Fig. 2A) . Betaine metabolism was documented by a 16.5-fold increase in plasma dimethylglycine (DMG), and 1.3 and 1.5-fold increases in downstream serine and methionine, respectively. Choline levels also differed between groups, increasing only in the betaine-treated group (Fig. 2C ). There were no changes in concentrations of plasma betaine or betaine metabolites within the placebo group.
Glycemia
Fasting glucose levels trended lower after 12 weeks in the betaine group vs the placebo group (28 mg/dL; 95% CI, 217 to 1; P = 0.080) and trended lower within the betaine group (25 mg/dL; 95% CI, 212 to 1; P = 0.090), but did not change within the placebo group (3 mg/dL; 95% CI, 24 to 9; P = 0.423; Fig. 3A ). There was no difference in change for HbA 1c (Table 2 ) or in glucose area under the curve (AUC) during OGTT at 12 weeks between or within groups.
Insulin response to oral glucose was reduced more after betaine treatment vs placebo (AUC, 21980 mU/mL/min; 95% CI, 23837 to 2123; P = 0.038), with reductions within the betaine group but not the placebo group (Fig. 3B) . Change in fasting insulin did not differ between the groups after 12 weeks (0 mU/mL; 95% CI 25 to 5; P = 0.994; Fig. 3C ). Change in C-peptide (fasting or AUC) did not differ between or within groups ( Table 2) .
Insulin sensitivity
Insulin sensitivity, calculated using the Matsuda composite insulin sensitivity index (14) during the OGTT, improved more from baseline after betaine treatment than after receiving placebo (P = 0.037), with 24% improvement within the betaine group (P = 0.004) and no change within the placebo group (P = 0.962; Fig. 3D ). The corrected insulin response during the OGTT did not differ from baseline to 12 weeks between or within groups (Supplemental Table 2 ).
In contrast, change in insulin sensitivity did not differ during the two-step euglycemic-hyperinsulinemic clamp at either low-dose (25 mIU/m 2 /min; P = 0.659) or highdose (180 mIU/m 2 /min; P = 0.452) insulin between or within the betaine and placebo groups (Fig. 4A) . Clamp glucose and insulin concentrations were similar between groups, permitting comparison (Supplemental Fig. 1A and 1B). There was no difference between groups in insulin clearance or endogenous glucose production rates during fasting or low-dose insulin administration, with full suppression at higher dose under all conditions (Fig. 4B) . Likewise, there were no differences in change from baseline in oxidative or nonoxidative glucose disposal under basal or insulin-stimulated conditions between or within groups (Supplemental Fig. 1C and 1D ).
Hepatic fat
Participants randomly assigned to the betaine group had 30% lower intrahepatic triglyceride levels compared with those assigned to placebo (P = 0.048) at study entry, although the two groups were well matched for all other baseline variables. However, there was no difference in change in intrahepatic triglyceride levels between the betaine and placebo groups (P = 0.510) or within either group at 12 weeks (Fig. 4C ).
Endothelial function
There were no effects of betaine on change in endothelial-dependent flow-mediated dilation (P = 0.488) or endothelial-independent nitroglycerin-mediated dilation (P = 0.980) compared with placebo between or within the treatment groups ( Fig. 4E and 4F ; Supplemental Table 3 ).
Outcomes related to safety and efficacy
Total cholesterol level increased after betaine treatment (21 mg/dL, 95% CI, 3 to 40; P = 0.032) vs placebo, with no changes in triglyceride, high density lipoproteinor low density lipoprotein-cholesterol levels ( Table 2) . Serum creatinine concentration was reduced more in the Figure 1 . Consort diagram. Disposition of study participants is shown. A total of 85 persons were screened for eligibility. Twenty-eight eligible participants were randomly assigned to receive either betaine or placebo for 12 wk. One participant in each group did not undergo hepatic MRI and MRS, due to metal implants, but were included in analyses of other end points. One participant in each group did not undergo the euglycemic-hyperinsulinemic clamps due to intravenous difficulties, but they were included in other end point analyses. One participant from the active drug group withdrew after taking the study drug for 12 wk, reporting inconvenience of the last visit scheduled, but was included in analyses through the duration of participation. One participant in the placebo group was included in the FMD analyses but could not be administered nitroglycerin and so was not included in NMD analyses. The study was completed by 13 participants in the betaine group and 13 in the placebo group. CBS, cystathionine b synthase; FMD, flow-mediated dilation, MRS, magnetic resonance spectroscopy; NMD, nitroglycerinemediated dilation.
betaine group than in the placebo group (20.1 mg/dL; 95% 95% CI, 20.2 to 20.0; P = 0.030). Serum alkaline phosphatase (ALP) level was reduced more after betaine than placebo treatment (28.0 mg/dL; 95% 95% CI, 213 to 23; P = 0.005). There were no changes in bilirubin, alanine aminotransferase, aspartate aminotransferase, or g-glutamyl transferase levels between groups. There were no changes in Hb, hematocrit, or white blood cell counts, indirectly suggesting nonhepatic sources of ALP. FGF-21 (Fig. 4D) , FGF-19, and caspase-cleaved cytokeratin-18 values did not differ between or within groups ( Table 2) .
Multiple long-chain plasma fatty acids belonging to sphingomyelin (namely, C18:2 and C24:1), phosphatidylcholine (namely, C38:3), phosphatidylinositol (namely, C34:2 and C34:3), and triacylglycerol (namely, C48:4) families were significantly increased from baseline in the betaine vs placebo group. Levels of asparagine, creatine, fumaric acid, glyceric acid, N-carbamoyl-baminoisobutyric acid, proline, pyroglutamic acid, and taurine were also significantly increased after betaine treatment compared with placebo. Levels of arginine, ornithine, 3-hydroxyanthranilic acid, C3-carnitine, C4-butyryl-carnitines, inosine, nicotinamide-N-oxide, phosphoethanolamine, xanthosine, and xanthurenic acid declined after betaine treatment compared with placebo. Metabolites are shown in Supplemental Table 1 .
The palmitic acid-linoleic acid ratio index of de novo lipogenesis was evaluated. Change from baseline did not differ between the betaine and placebo groups (P = 0.716) or within the betaine-treated group (baseline to week 12: 1.08 6 0.23 to 1.06 6 0.26; P = 0.602) or the placebo group (baseline to week 12: 1.12 6 0.36 to 1.12 6 0.34; P = 0.979).
Adverse events
There was no change in body weight or blood pressure (Table 2) within or between the two groups. There were no serious adverse events, and nonserious adverse events were sparse and balanced between groups (Supplemental Table 4 ).
Discussion
Betaine has emerged as a novel metabolite inversely associated with insulin resistance, dyslipidemia, T2D, and cardiovascular risk (2-5, 7, 22) . Dietary supplementation improves multiple metabolic phenotypes in preclinical models (2) , mediated at least in part via FGF-21 signaling. Oral betaine has been administered safely in healthy volunteers (Orphan Therapeutics, Celine Plisson and Pascale Adam, personal communication, March 8, 2013) (23) and patients with liver disease (24, 25) , and is marketed for disorders of cysteine metabolism. Thus, we sought to examine effects of oral betaine on glycemia, insulin sensitivity, intrahepatic triglyceride levels, and endothelial function.
Daily betaine intake varies from 30 to 400 mg/d (26). We administered approximately 2.5 times the typical consumption, achieving 3.2-fold higher plasma levels. The magnitude of increase is greater than the 20% reduction in plasma betaine levels seen in obese rodents or the difference between insulin resistant and sensitive persons (2) . Thus, the dose of betaine administered in our study should be sufficient to elucidate metabolic effects of restoration of betaine plasma levels. The 16.5-fold increase in DMG and lesser increase in downstream metabolites support DMGDH as rate limiting for betaine metabolism in persons with prediabetes. Allele variants at the DMGDH locus are associated with DMG levels, with the major allele associated with lower DMG, and higher plasma insulin levels, homeostatic model assessment insulin resistance, and incident diabetes (27) . Variation in DMGDH levels or activity could contribute to insulin resistance and diabetes or cardiovascular risk by reducing important downstream metabolites, even in the setting of the major allele. However, our findings provide limited support for therapeutic replacement of betaine in the general population to correct . BADH, betaine-aldehyde dehydrogenase; BET, betaine; CHDH, choline dehydrogenase; GNMT, glycine-N-methyltransferase; PBO, placebo; post, after; pre, before; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; SARDH, sarcosine dehydrogenase; SHMT, serine hydroxymethyltransferase. *P , 0.05, **P , 0.01, ***P , 0.001. these metabolic defects. Our participants were not genotyped; findings may differ in subsets of individuals selected for genetic variants.
Other pathways of betaine metabolism were also affected by supplementation. Levels of the PEMT substrate phosphoethanolamine were reduced after betaine treatment (Supplemental Table 1 ), supporting a possible increase in PEMT enzymatic activity. Betaine can be synthesized by oxidation of choline or carnitine; it is an electron acceptor in a reduction-oxidation reaction catalyzed to produce trimethylamine and acetate (28) . Interestingly, concentrations of plasma carnitine and related C3-carnitine and C4-butyryl-carnitine were all reduced after betaine treatment, suggesting substrate (i.e., betaine) availability is not rate limiting. b-aminoisobutyric acid, which induces expression of genes associated with fatty acid oxidation (29) , was increased in the betaine group vs the placebo group, which is consistent with potential betaine-mediated increased fatty acid oxidation. Arginine and ornithine were reduced in the betainetreated group, suggesting possible changes in the malate shuttle and NADH transport into mitochondria. Finally, betaine plays a key role in the choline and methionine pathways for glutathione synthesis and conversion of homocysteine to methionine. Although we did not measure the direct products of the betaine pathway enzymes BHMT and MAT1A, the pathway intermediate S-adenosyl homocysteine did not change after betaine treatment.
Insulin concentrations after oral glucose were reduced; however, the glucose AUC and C-peptide did not change. The difference between insulin and C-peptide response to oral glucose warrants discussion. Insulin and C-peptide have equimolar secretion by pancreatic b-cells. Circulating insulin is preferentially degraded in the liver, whereas C-peptide excretion mainly occurs in kidneys. It is possible betaine increases hepatic insulin clearance, although whole-body insulin clearance measured during insulin-clamp studies was not increased after betaine treatment, as compared with placebo, and was modestly decreased in each group. There was no evidence in this study that C-peptide clearance is delayed: There was no evidence of impaired renal function, and creatinine concentrations were modestly lower after betaine treatment. C-peptide clearance was not directly measured.
Lower insulin levels after oral glucose load led to a difference between insulin sensitivity estimated by the Matsuda oral index as compared with the euglycemic hyperinsulinemic clamp. These two methods are typically strongly correlated (16) . The lack of difference in glucose and C-peptide levels after oral glucose load supports no difference in insulin sensitivity, in agreement with the absence of difference in glucose utilization by the gold standard euglycemic clamp. Additional studies would be required to evaluate potential gut-derived hormone or gut microbiome contributions to betaine effects on insulin metabolism after oral load. Alternatively, differences in carbohydrate and fatty acid oxidation may differ between oral and clamp conditions, contributing to observed differences between the two model estimates of insulin sensitivity. Betaine improves NAFLD in obese mice by reducing liver fat and inflammatory gene expression and normalizing postreceptor insulin signaling to improve gluconeogenesis and glycogen synthesis (2, 30) . Similarly, a pilot study in 10 human patients with nonalcoholic steatohepatitis suggested some reduction in aminotransferases and steatosis, inflammation, and fibrosis (24) . By contrast, neither the findings of a larger study in nonalcoholic steatohepatitis (25) nor those of our study in prediabetes support any effect of betaine in NAFLD. There was no difference in change in intrahepatic triglyceride content, transaminase concentrations, the fibrosis biomarker CK-18, or FGF-21. Baseline intrahepatic triglyceride content was randomly lower in the betaine group vs the placebo group. One might speculate a high hepatic fat content would be required to observe a reduction and thus it is possible the effect was missed. ALP concentration was reduced in the betaine group compared with the placebo group. Fractionation was not performed. No other liver biomarker changes were observed. Betaine has been reported to promote differentiation of human osteoblasts in culture (31) . Potential betaine effects on bone in vivo may warrant additional investigation.
In mice, betaine increases FGF-21 concentrations (2). There is no effect of betaine on Fgf21 expression in primary hepatocytes, suggesting no direct transcriptional effects. FGF-21 has multiple metabolic effects in preclinical and human studies (32) . However, Fgf21-null mice do not manifest the metabolic improvements to betaine seen in wild-type mice, demonstrating the important role of Fgf21 in mediating betaine effects on weight loss, energy expenditure, glucose and insulin tolerance, and liver fat in mice (2) . It is possible the absence of change in FGF21 in humans after betaine treatment underlies the lack of translation of preclinical findings to humans.
Although epidemiologic studies link low betaine levels to cardiovascular risk (7) , there are few data on endothelial function. Associations between homocysteine metabolism and cardiovascular risk support the hypothesis that betaine supplementation would enhance vascular function. However, single-dose oral betaine (2.5 g) did not alter plasma nitrate or cardiovascular responses to exercise in healthy young adults (23) . Likewise, we do not find any effect of larger doses of betaine administered over 12 weeks to alter flow-mediated endothelial dilation in prediabetes. Levels of arginine, a precursor of nitric oxide, were lower after betaine treatment, potentially attenuating beneficial effects.
Furthermore, betaine increased total cholesterol level, with a similar trend for triglycerides, as previously described (33, 34) , which also may attenuate any potential benefit on vascular function. High-fat diets reduce plasma betaine concentration despite preserved dietary intake (2) . Reductions in levels of plasma carnitines and increases in multiple long-chain fatty acids after betaine administration support reciprocal regulation of lipid metabolism. However, static plasma metabolomics data cannot be used to predict magnitude or directionality of betaine-mediated impact on hepatic lipid metabolic flux. Due to the deleterious effects seen on lipid profiles and because of the absence of clear metabolic benefit, we must recommend against use of high doses of betaine supplementation outside of medical use for inborn errors of metabolism.
Although we provide a comprehensive assessment of metabolic effects of betaine in a population of individuals with prediabetes, our findings must be considered in the context of the small study population, relatively short duration of betaine administration, and multiple end points assessed within the trial. Plasma metabolite concentrations do not directly measure potentially relevant tissue metabolites or pathway flux.
In summary, low betaine concentration is associated with multiple metabolic disease risk markers, and betaine supplementation in preclinical models improves many disease-linked phenotypes. Our present study shows that DMGDH may be rate limiting for betaine metabolism in prediabetic persons. Although betaine affects the choline-betaine pathway, the effects on downstream metabolites are more modest. In parallel, the modest metabolic effects suggest obesity and prediabetes may be associated with betaine resistance. We found deleterious effects on serum cholesterol profiles. Our current data do not support additional studies of betaine supplementation in prediabetes or insulin resistance to treat or reduce cardiometabolic risk. Additional studies may be warranted to understand the mechanisms contributing to differences between preclinical and human responses to betaine supplementation, and to determine whether supplementation of metabolites downstream of DMGDH may be beneficial to persons with insulin resistance and T2D.
